The generation of frequency-tunable, narrow-bandwidth and carrier-envelopephase stable THz pulses with fields in the MV/cm regime that can be appropriately timed to the femtosecond X-ray pulses from free-electron-lasers is of highest scientific interest. It will enable to follow the electronic and structural dynamics stimulated by (non)linear selective excitations of matter on few femtosecond time andÅngstrom length scales. In this article a scheme based on superradiant undulator radiation, generated just after the XFEL, is proposed. The concept utilizes cutting edge superconducting undulator technology and provides THz pulses in a frequency range between 3 and 30 THz with exceptional THz pulse energies. Relevant aspects for realization and operation are discussed point by point on the example of the European XFEL.
The generation of frequency-tunable, narrow-bandwidth and carrier-envelopephase stable THz pulses with fields in the MV/cm regime that can be appropriately timed to the femtosecond X-ray pulses from free-electron-lasers is of highest scientific interest. It will enable to follow the electronic and structural dynamics stimulated by (non)linear selective excitations of matter on few femtosecond time andÅngstrom length scales. In this article a scheme based on superradiant undulator radiation, generated just after the XFEL, is proposed. The concept utilizes cutting edge superconducting undulator technology and provides THz pulses in a frequency range between 3 and 30 THz with exceptional THz pulse energies. Relevant aspects for realization and operation are discussed point by point on the example of the European XFEL.
I. INTRODUCTION, CONCEPT AND MOTIVATIONS
X-ray Free-Electron Lasers (for a recent review on XFELs see e.g. 1 ) are currently the brightest, tunable sources of short X-ray pulses available for basic scientific research. Among many possible uses, the ultrahigh brightness and the ultrashort duration of these pulses can be exploited in a "pump-probe" configuration, to probe non-equilibrium states of a matter sample that can be excited by previous interaction with terahertz radiation.
The application of high-field THz pulses in pump probe experiments is manifold and a number of groundbreaking experiments have been performed in recent years 2,3 . One fundamental concept here is the selective excitation of specific low energy degrees of freedom, which is only possible when using appropriately narrow-band, multi-cycle and carrierenvelope phase (CEP) stable THz pulses of sufficient intensity. Successful experimental demonstrations range from THz control of electronic phases in correlated materials 4,5 , THz control of magnetic order 6 to the alignment of molecules 7 and the acceleration of free electrons in vacuum as well as in materials 8, 9 . The combination with the ultra-short, intense and widely tunable X-ray pulses from XFELs bears the opportunity to understand and verify important phenomena such as the recently observed evidence for THz induced transient, potentially superconducting phases at critical temperatures above room temperature 4 . The required THz pulse energy in such experiments is in the few 10 µJ range and the repetition rate of the THz pulses acting as a pump should, in the ideal case, be similar to that of the corresponding probing light pulses. Since the latest generation XFELs under early operation stages or construction, such as the European XFEL 10 and the LCLS-II 11, 12 are based on superconducting technology, THz pulses are also required with repetition rates between 100 kHz and 4.5 MHz. The generation of high-field THz pulses at such high duty-cycle by means of femtosecond lasers does not allow to achieve the required parameters with respect to pulse energy and narrow-bandwidthness 13 ; therefore, superradiant undulator radiation emerges as one promising solution. In this paper, we describe the technological feasibility for implementing a few period superradiant undulator that fits the particular case of the electron linac of the European XFEL. XFEL-class electron beams are characterized by very high quality in terms of emittance, energy spread and duration, and can therefore be advantageously used for the production of coherent THz radiation with the help of an optimized undulator following the main FEL lines, which we will be referring to as an 'afterburner'. The concept has been pioneered successfully at the XUV FEL FLASH 15 . However, the energy of the electron beam at the European XFEL is much higher, and during operations is expected to cover the range between 8.5 GeV and 17.5 GeV. As a result, resonance at low photon energies is only obtained at the cost of an extremely high magnetic field. In this work we will show that the choice of superconducting technology for the undulator is key for enabling the afterburner solution at high-electron-energy facilities like the European XFEL. Here we will limit ourselves to consider the case of the highest operation energy foreseen for the European XFEL, 17.5 GeV, and THz pulses starting from a fundamental frequency of 3 THz 16,17 . In the following Section II, we will discuss suitable THz undulator parameters and expected performance. We will demonstrate that it is possible to automatically obtain pulses with tens of microjoules energies up to several tens of THz within a 10% bandwidth. Since the European XFEL is driven by a highrepetition rate linac, high-repetition THz pulses with the same pattern as the X-ray pulses, that is 10 trains per second with up to 2700 pulses per train, in about 600 µs, are obtained. Moreover, given the high quality of the electron beam needed to sustain the FEL instability, we do expect an excellent pulse-to-pulse THz energy stability. The feasibility of the THz superconducting undulator will be discussed in Section III. There we will show that the peak field needed on-axis for achieving a fundamental frequency of 3 THz at 17.5 GeV electron beam energy is about 7.3 T, so that well-proven Nb-Ti technology can be used. In Section IV we will discuss possible positions of our THz source at the European XFEL and the transport of the THz pulses through the optics tunnel, while in Section V we will see how synchronization/jitter issues for pump and probe signals can be dealt with.
In short, we propose a robust and cost-effective method for the production of relatively narrow bandwidth, frequency-tunable THz sources for pump-probe (THz and X-ray) experiments at the European XFEL. The scientific community would also welcome the option of controlling the number of THz cycles in the radiation pulse. In order to achieve it, the possibility to power a different number of undulator periods will be studied. Energies of several tens of microjoules starting from a frequency of a few THz up to several tens of THz can be obtained, with excellent pulse-to-pulse energy stability, while issues pertaining transport, synchronization and jitter are found to be no show-stoppers.
II. THZ UNDULATOR PARAMETERS AND EXPECTED PERFORMANCE
The main challenge in the construction of a THz "afterburner" undulator for the production of superradiant THz radiation at the European XFEL is the very high-energy of the electron beam, nominally in the range from 8.5 GeV to 17.5 GeV. In fact, the resonance condition on-axis for the first harmonic reads:
with λ = c/ν the fundamental wavelength, λ U the undulator period, γ the relativistic Lorentz factor and 18 K = eBλ U /(2πmc 2 ) the undulator parameter, where B is the on-axis peak magnetic field, e and m the electron charge and the rest mass, respectively. The undulator parameter can also be written in a form convenient for numerical calculation in SI units as
(1) implies larger values of the on-axis peak magnetic field for longer resonance wavelengths. As we will see in Section IV, superconducting technology is key to achieve THz pulses with the electron energies typical of the European XFEL. We will limit our consideration starting from a fundamental frequency of 3 THz, corresponding to about λ = 100 µm, and assuming an electron beam energy fixed throughout the paper, unless otherwise explicitly stated, of 17.5 GeV. If we now fix λ U = 1 m in Eq.
(1), we find that, in order to reach a minimal frequency of about 3 THz a value K = 685 is needed, corresponding to a maximum field on axis B 7.3 T. As we will see in the next Section, this field allows exploitation of well-proven Nb-Ti technology.
As is well-known 19 , the total pulse energy generated by a single electron bunch W bunch while passing through any kind of radiator depends on the bunch length 20 and follows the relation
where N e is the number of electrons in the bunch, W 0 the pulse energy emitted by a single electron andF (ν) the Fourier transform of the longitudinal current profile of the bunch, F (t), normalized in such a way that its integral over time is unity:
The distributionF (ν) is known as form factor, and specifies the degree of superradiance. We see by definition thatF (ν) remains roughly near to unity for wavelengths longer than the electron bunch duration, which enables, for those wavelengths, the exploitation of superradiant emission, scaling as N e (N e − 1). Radiation at shorter wavelengths is, however, strongly suppressed by the form factor. At short wavelengths the usual incoherent emission, scaling as N e , takes place. We conclude that a good electron beam compression is of fundamental importance in achieving superradiant emission at short wavelengths. In order to sustain FEL lasing at X-ray wavelengths, very high peak currents must be achieved (in the order of several kiloamperes for the European XFEL), and hence it is needed to strongly compress the electron bunch in the first place. Therefore, it makes sense to exploit the spent XFEL electron beam for generating THz superradiant pulses, because the form factor is automatically suitable to this goal. The level of compression depends on the charge, with bunches of lower charge being compressed more to obtain the same peak-current level.
In Fig. 1 , dotted lines, we plot the behavior of the square modulus of the form factor, |F (ν)| 2 , for different electron bunch nominal charges. The original current profiles were obtained using start-to-end electron beam simulations from the injector of the European XFEL up to the SASE undulators 21 . The FEL process does not spoil the electron beam current profile in a noticeable way, so that we can use the same profile at the entrance of the SASE undulators to model the electron beam at the entrance of the THz afterburner undulator. The total spectral flux can be obtained by multiplying the square modulus of the form factor by the number of electrons square and by the spectral flux generated by a single electron, which can be easily computed 22 . Given the very large value of K, the angle-integrated spectrum has a very large bandwidth, similar to that of a bending magnet, up to a very high critical frequency that is of no interest here, since the form factor cuts down the coherent emission much before that point. The result is plotted in Fig. 1 , solid lines, where we show the total fluxes of the coherent emission for different charges. The total pulse energies can be calculated by integrating the spectral flux. In our case they are obtained by integrating up to 100 THz and shown in Table I .
As shown in Fig. 2 and in Table II , by changing the diameter of a circular aperture at a fixed distance from the source it is possible to select the bandwidth at the different harmonics. By closing the diameter of the circular aperture to 50 mm it is possible to select a FWHM frequency bandwidth of 13% of the fundamental, while closing it down to 20 mm it is possible to select a FWHM frequency bandwidth of 9.1% of the fundamental.
Around the fundamental frequency of 3 THz we can select a narrow bandwidth using a circular aperture, as can be seen from Fig. 2 , where we show a comparison of THz spectra for the 100 pC case, obtained using apertures of different diameters set at 10 m from the source, that is in the middle of the undulator. Table II shows the total pulse energy, the pulse energy under the fundamental and the bandwidth of the fundamental for different aperture sizes.
In Fig. 3 we show the pulse energy that can be obtained at different fundamental frequencies (obtained by changing the K parameter of the THz afterburner) for several nominal electron bunch charges. The aperture size is varied so that the bandwidth remains about constant, around the 10% level. From Fig. 3 we can see a competition between the N which favours low charges (at the same peak current, needed to sustain the previous FEL process). As expected, the highest electron charge considered here, 500 pC, yields the best results, in terms of energy per pulse, in the lowest frequency range, between 3 THz and 6 THz with expected energies above 120 µJ. A charge of 250 pC appears optimal in the range between 6 THz and 15 THz, with energies above 30 µJ. Finally, the lower charge of 100 pC is suitable for frequencies starting from 15 THz. Our proposed undulator is expected to obtain energies above 10 µJ up to frequencies of about 30 THz. For frequencies higher than that value, the yield drops below the 10 µJ level, and remains in the several microjoules level up to frequencies of about 50 THz. Finally, note that the yield of the lowest nominal charge of 20 pC always falls below that of the 100 pC.
We note that the choice of charges is forcefully linked to the operation mode of the XFEL, so that operational restrictions might apply. It should also be remarked that spectral filtering can be used, instead of angular filtering, in order to select a particular spectral range. In Fig. 4 we show results of a 10% bandpass filtering procedure with a boxcar function. As it can be seen, in this case larger pulse energies are found.
Photon frequencies lower than 3 THz may, in principle, be reached for lower electron operation energy. For example at 8.5 GeV we could gain about a factor four in the fundamental frequency, pushing the lower limit below 1 THz. Note that while decreasing the electron beam energy only allows us to reach into lower frequencies, leaving the other performance results unvaried. However, assessing the feasibility of this option would require further studies, since a larger undulator gap would be needed to allow for the generation of longer wavelengths without diffraction effects taking place. Moreover, the choice of the electron energy, exactly as the choice of the charge, is obviously linked to the operation mode of the XFEL. As just mentioned, it is important to look at the expected beam size at the fundamental frequency inside the undulator. This is critical to understand the minimum gap acceptable in the undulator design, under the assumption that we accept the full transverse size at the longest fundamental wavelength. We will consider the case for the fundamental at 3 THz at an electron energy of 17.5 GeV, reminding the reader that a simple scaling for the radiation size σ E=E0[GeV ] applies for a different electron energy E 0 expressed in GeV:
In fact, the square of the electron energy ratio gives the fractional increase in the fundamental frequency that can be reached, while the diffraction size of the source is of order λL U /(2π), where L U is the undulator length. In order to study the transverse size of the THz source we used two approaches, analytical and numerical. Analytical formulas are available for the field of the radiation source at resonance, in the middle of the undulator, and at any position in free space, after the undulator, even in the near zone 23 . They read respectively:
at the source. Here
2 )], E(0, r) is the source field envelope in the frequency domain, Si(·) is the sin integral function and r is the distance from the z axis on the virtual-source plane (note that E(0, r) is axis-symmetric) and
where E (z, r) is the field envelope in the frequency domain at any position z after the undulator, and Ei(·) is the exponential integral function. Note that Eq. (6) is singular at the undulator exit z = L U /2 and for r = 0. This is related with the use of the resonance approximation. It is also possible to make numerical computations using wavefront propagation codes 24 . We first calculated the radiation field generated by a filament beam at a distance of 25 m from the undulator center. Then, we backpropagated radiation in free-space up to the undulator center. The results of backpropagation at different distances and the calculation of the FWHM are shown in Fig. 5 , where we also plot a comparison with the analytical expressions from Eq. (5) and Eq. (6). Fig. 6 shows the result of backpropagation at the virtual source. The blue line in the 1D cut is calculated taking the squared modulus of the field in Eq. (5).
III. FEASIBILITY OF THE THZ SUPERCONDUCTING UNDULATOR
The wavelength λ of the radiation emitted at the first harmonic of a planar undulator with period length λ U and magnetic peak field B is given in Eq. (1).
In Fig. 7 we report the frequency in THz of the first harmonic on axis (θ = 0) produced by an undulator with different period lengths, ranging from 0.6 m to 1.5 m, as a function of the peak field on axis B, for 17.5 GeV, the maximum nominal electron beam energy of the European XFEL. In order to reach 3 THz as minimum value for the frequency of the first harmonic, for magnetic peak fields below 10 T the period length of the undulator should be longer than 0.9 m. To have some margin, and to keep the period length as short as possible we focus on a period length of 1 m.
Undulators are realized with different technologies 26 . The most widely used is the permanent magnet technology. Alternatively, it is possible to use electromagnets wound with copper conductors or with superconductors. If the engineering current density needed to produce the desired magnetic peak field on axis is below 10 A/mm 2 , electromagnets using copper as conductor can be used. Above this limit of the engineering current density, the ohmic losses become untreatable. For the same period length and vacuum gap, especially for long period lengths, superconducting undulators can produce higher magnetic peak fields on axis than the permanent magnet ones 27 . Superconducting undulators can also be used to obtain the same magnetic peak field using a larger vacuum gap, which allows to reduce the frequency cut off of the vacuum chamber, and to transmit most of the THz radiation of interest, starting from the first harmonic up to higher frequencies. Even using magnetic gaps down to 10 mm and 1.5 m period length, with permanent magnet technology it is not possible to reach peak magnetic fields on axis up to 4 T, as needed to obtain 3 THz (see Fig. 7 ).
The superconducting technology to be chosen depends on the maximum field on the conductor necessary to reach the wished magnetic peak field on axis, on the operating temperature, and on the current density required. The only superconductor used for accelerator magnets up to now is NbTi, whose radiation hardness has been widely proven in different accelerators over many years of operation, see for example the Tevatron 28 , HERA 29 and the LHC 30 . Superconducting wigglers based on NbTi technology with a closed loop liquid helium circuit and the coils in liquid helium bath, with period lengths from 30 mm to 148 mm, developed at the Budker Institute of Nuclear Physics (BINP) are used worldwide in many third generation synchrotron light sources 31 . A closed thermosyphon loop, including a liquid helium tank, is used to cool down the two NbTi superconducting undulators with a period length of 18 mm (and 16 mm) and 1.1 m (and 0.3 m) magnetic length, constantly running in the Advanced Photon Source at the Argonne National Laboratory 32 . A cryogen free full scale superconducting undulator based on NbTi technology with 15 mm period length, using only cryocoolers with no need of liquid helium and nitrogen, has been successfully tested for one year at the ANKA synchrotron light source at the Karlsruhe Institute of Technology (KIT) 33 . A similar full scale superconducting undulator with 20 mm period length is now installed in the electron storage ring KARA of the KIT light source 34 . With all this in mind we consider a NbTi based THz superconducting undulator working at liquid helium temperature (4 K), feasible for the European XFEL. NbTi operates up to magnetic fields on the conductor of about 10 T (see for example Ref.
35 ). The field on the conductor depends on the magnet design, for example on the geometry of the winding and on the presence and geometry of iron. It is however higher or of the same order of the peak field on axis. A possible solution, similar to what is used in the BINP superconducting wigglers 31 , with the only difference that it does not foresee iron, is the Radia model 36 shown in Fig. 8 . One pole consists of two sets of horizontally wound racetrack coils with the dimensions indicated in Fig. 9 . By choosing the cross section of the inner coil double as the one of the outer coil, it is possible to power the two sets of coils in series, making use of only one power supply and of one set of current leads, reducing the heat intake with respect to a configuration with two sets of current leads. The magnetic field profile of a 10 periods undulator model from Fig. 8 , simulated with the code Radia 36 , is shown in Fig. 10 . The simulation has been performed using the engineering current densities of 110 A/mm 2 in the outer coils, and 55 A/mm 2 in the inner coils, with the dimensions as indicated in Fig. 9 . The on-axis magnetic peak field of 7.3 T allows to reach the minimum value of 3 THz for the frequency of the first harmonic.
The maximum magnetic peak field on the conductor is 8.0 T on the inner coils, and 7.7 T on the outer coils. With these current densities and maximum magnetic fields on the conductors, NbTi conductor at about 4 K can be used with large margin of operation both in current as well as in temperature. This is demonstrated in Fig. 11 , where we report the engineering critical current density of NbTi at 4.2 K 35 as a function of magnetic field (triangles), as well as the loadlines of the conductors in the inner and outer coils (dashed blue and red line, respectively). The red square and the blue dot are the operation points to reach the maximum peak field on axis. A detailed design of the undulator together with the other components, like for instance correction coils, is not in the scope of this report. Anyhow, we mention that the total length of the undulator, including the infrastructure, is not going to exceed 40 m and could be installed at the European XFEL, either in the XTD4 tunnel or in XTD5 tunnel see e.g.
14 , just in front of the beam dump, see Fig. 12 . 
IV. FEASIBILITY OF THE TRANSPORT LINE
Here we assume that the afterburner would be positioned just in front of the electron beam dump as is the case at the prototype device at the XUV FEL FLASH 15 . Then, the distances between the position of the THz afterburner and the experimental end stations heavily depend on the facility. For example, for SACLA it is below 60 m 37 , while at the European XFEL it is between 200 m and 290 m. This poses the question of feasibility of the transport to the experiments. In the most cost efficient configuration, as employed at the prototype facility at FLASH, the afterburner is installed in the straight section following the SASE undulators. This has the advantage that the electron bunches do not need to be deflected and their pristine longitudinal form is fully preserved. THz and X-ray photon beams as well as the electron beam are in this case propagating collinearly after the afterburner device and the THz beam has to be appropriately separated. Outcoupling of the THz beam should occur as soon as possible after the afterburner undulator in order to avoid diffraction losses. The beam pipe diameter between the exit of the afterburner and the outcoupling of the THz needs to be sufficiently large. One technologically feasible solution is to implement a metal optics with an appropriately large central aperture into the beamline that deflects the already wide THz beam out, while letting the pencil-like X-ray and electron beam 38 pass. One obvious obstacle is potential damage by the X-ray and/or electron beam on the metal optics. Experiences at the prototype facility FLASH, where an XUV beam with an average energy up to a few hundreds of µJ traverses a central aperture of 10 mm diameter 15 and at the second prototype facility TELBE 13 , where a 30 MeV/10 µA electron beam is traversing a central aperture of 4 mm in diameter, show that this problem could be dealt with. In both facilities, no visible damage on the outcoupling optics has been observed despite years of user operation. At an XFEL, with its GeV class electron beam and keV X-ray photons, this option would clearly require a fast interlock system to prevent damage in case of machine instabilities or failure.
In the standard case the outcoupling optics would be an off-axis toroidal mirror that accepts a beam with the source point at the center of the afterburner undulator and thereby generates a collimated beam that is then deflected outside of the electron/X-ray beamline. The collimated THz beam would be refocused as soon as possible and optical transport could from thereon be performed via a series of appropriate Kepler telescopes next to the X-ray optical beamlines. This approach has been successfully employed at the FLASH and TELBE THz beamlines 13, 15 . Optical transport should be performed in a vacuum of better than 0.1 mbar in order to avoid water vapor absorption. Experiences at FLASH and TELBE showed that keeping the accepted beam diameter by the optical elements to below 150 mm has some practical advantages. It ensures affordable metal optics and that a cost efficient beamline diameter of 200 mm can be employed. Experience at FLASH furthermore shows that Kepler telescopes of a length of 12 m allow transport and refocusing without diffraction losses 15 down to frequencies of 3 THz. A distance of 290 meters, as needed in the case of the XTD4 tunnel at the European XFEL, would then require 24 Kepler-telescopes and a total of 48 mirrors (of which 32 would be focusing optics and 16 would be planar mirrors). The main loss will be due to the actual reflectivity. At FLASH and TELBE gold coated aluminum or copper optics are employed, with the gold coating being a layer of about 200 nm, substantially thicker than the skindepth at these frequencies. Then the reflectivity of the optics can be as high as 99%
39 resulting in a reflectivity loss of 36% for the mere transport to the experimental endstations. Additionally there potentially will be losses in the window separating the accelerator vacuum from the experiment vacuum, which are in the few to few 10% range, depending on the choice of material. Therefore roughly 50% of the generated pulse energies are received at the experiments.
V. SYNCHRONIZATION AND JITTER ISSUES OF PUMP AND PROBE SIGNALS
Matching the arrival time of X-ray and THz photon pulses, generated by the same accelerator, so that they arrive synchronous in the experimental end stations is not a trivial task.
Due to the requirement of repeated focusing for the THz beam, the path length from the source to the experimental end stations for the X-ray pulses will be considerably shorter than that of the THz pulses. This path difference needs to be compensated in order to perform ultra-fast experiments based on the pump-probe technique. The exact path difference will depend on different specific boundary conditions at each XFEL facility. Assuming a standard design as employed at FLASH 15 , where a series of Kepler telescope would be used for transport and subsequent refocusing of the THz beam, an additional 1 m of path length would arise per Kepler telescope. This would yield a mismatch between the X-ray and the THz optical path of the order of 24 meters, making the THz pulse generated by the same electron bunch arrive roughly 80 ns too late at the European XFEL. Assuming a repetition rate of 4.5 MHz (micro pulse separation of 220 ns) the THz pulse from the previous electron bunch in the train would arrive 140 ns too early. In principle there are now two all-optical approaches to circumvent this problem. Option one, chosen at the XUV FEL FLASH, is the compensation of the path difference by introducing an additional delay of the right length into the XUV path (the X-ray path in our case), so that XUV pulses and THz pulses from the same electron bunch can be used in the experiment 15 . This has the advantage that these pulses are then intrinsically synchronized on the few femtosecond level 8 , but has the drawback that a lot of flexibility is lost for the wavelength of the XUV pulses as specific multilayer optics have to be developed for each XUV wavelength of choice. In the harder X-ray regime this approach would, if at all possible, require multiple grazing incidence optics. More feasible seems therefore to compensate for the path length difference by introducing an additional delay into the THz beam path and match the arrival time of a THz pulse arriving early to the X-ray pulse generated by the following electron bunch in the micro-pulse train. A cavity arrangement would be technologically feasible and allow generating an adjustable path length difference corresponding to a delay of about 140 ns. The overall length assuming the proposed folded symmetry would be below 12 m and hence acceptably sized. The additional reflection loss due to the 3 additional reflections would be negligible within a 3% accuracy. The drawback of this arrangements that it is in this form only applicable for the highest repetition rate of the European XFEL of 4.5 MHz. Adjusting the proposed scheme to lower repetition rates (e.g. 2.25 MHz) would result in introducing multiple turns inside of the cavity which ultimately lead to higher reflectivity losses (additional 6 metal optics result in 6% reflectivity loss). One more complex alternative approach is a double pulse scheme by which an appropriately timed second electron bunch generates the THz pulse sufficiently in advance. This scheme would yield considerable higher flexibility and allow operation at any given repetition rate and has recently been discussed and successfully tested at the FLASH XUV FEL 43,44 aside for being used e.g. at the LCLS 45 . At a superconducting RF linac based on 1.3 GHz technology such a scheme allows to place electron bunches in multiples of 770 ps distance with respect to each other. A THz optical delay line of 1 ns would be hence sufficient to match the arrival time of THz and X-ray pulses in the experiment. One remaining issue is the additional X-ray pulse that would be generated by this double electron bunch alongside the THz pulse. At the European XFEL it would arrive at the experiment roughly 140 ns after the THz excitation and the X-ray probe pulse. Depending on the bandwidth of the detectors utilized, experiments may be able to gate this pulse out. Another approach would be to force the electron bunch producing the THz pulse along a non-ideal trajectory in the SASE undulators, enough to suppress the X-ray pulse emission in the undulator section.
The issue of actual timing of the THz pulses to the X-rays has been technologically solved. Different approaches provide few femtosecond time-resolution (see e.g. 40 ) and these pulseresolved detection schemes have recently been shown to be scalable from a few 100 kHz to 4.5 MHz repetition rates 42 .
VI. CONCLUSIONS
In this paper we explored the possibility of using the spent electron beam from the European XFEL to produce powerful pulses of coherent THz radiation by means of a THz superconducting undulator. We show that current superconducting technology allows for the construction of a 10-periods undulator capable of generating THz pulses starting from the fundamental frequency of 3 THz by using a 17.5 GeV electron beam. Lower frequencies up to below 1 THz can be obtained by using lower nominal electron energy points. Owing to the quality of XFEL electron beams, one can generate narrow-band, frequency-tunable THz pulses with energies between more than 280 µJ to 10 µJ in a THz frequency range spanning from 3 THz to 30 THz (see table III ). Furthermore, mJ-level pulse energies are achievable when the full bandwidth between 1 and 100 THz is utilized. The repetition rate naturally follows that of the European XFEL. Even though the natural synchronization between the X-ray pulses and the THz pulses obtained from the same electron beam cannot be exploited, we show that synchronization and jitter issue are actually not a problem in achieving pumpprobe capabilities. Moreover, the THz transport line, albeit several hundred meters long, appears to be feasible, and can be hosted in the tunnels built for the X-ray transport.
